Abstract: Zebrafish has rapidly evolved as a powerful vertebrate model organism for studying human diseases. Here we first demonstrate a new label-free approach for in vivo imaging of microvasculature, based on the recent discovery and detailed characterization of the two-photon excited endogenous fluorescence in the blood plasma of zebrafish. In particular, three-dimensional reconstruction of the microvascular networks was achieved with the depth-resolved two-photon excitation fluorescence (TPEF) imaging. Secondly, the blood flow images, obtained by perpendicularly scanning the focal point across the blood vessel, provided accurate information for characterizing the hemodynamics of the circulatory system. The endogenous fluorescent signals of reduced nicotinamide adenine dinucleotide (NADH) enabled visualization of the circulating granulocytes (neutrophils) in the blood vessel. The development of acute sterile inflammation could be detected by the quantitative counting of circulating neutrophils. Finally, we found that by utilizing a short wavelength excitation at 650 nm, the commonly used fluorescent proteins, such as GFP and DsRed, could be efficiently excited together with the endogenous fluorophores to achieve four-color TPEF imaging of the vascular structures and blood cells. The results demonstrated that the multicolor imaging could potentially yield multiple view angles of important processes in living biological systems. 
Introduction
Microvasculature, the distal function unit of the cardiovascular system, plays an important role in the fundamental activities of various organs [1, 2] . Physiological structures and hemodynamics of the microvasculature system provide unique information to understand the development of important diseases and disorders, such as inflammation, renal failure, angiogenesis of cancer, brain ischemia, blood diseases, etc. Therefore, noninvasive imaging of microcirculatory networks and the dynamics of blood cells is invaluable for the prevention, diagnosis and treatment of related diseases.
To outline the circulatory network of blood, the well established technologies of magnetic resonance imaging (MRI), positron-emission tomography (PET), computer tomography (CT) and ultrasound imaging have been used to measure the features of blood vessels, including flow velocity, blood volume and vessel permeability [3] . The major shortcomings of these imaging technologies are: (1) lack of sufficient spatial resolution for resolving individual capillaries, let alone a single blood cell; (2) many of them often involve external contrast agents to enhance image quality. In recent years, a variety of noninvasive optical imaging modalities (laser speckle imaging, Doppler optical coherence tomography, photoaccoustic imaging, third harmonic generation, etc.) have also been developed for microvascular imaging. The major limitations of these techniques are that either individual blood cell cannot be clearly resolved or different types of blood cells cannot be differentiated from each other [4] [5] [6] [7] [8] [9] [10] . To overcome the limitations, label-free in vivo imaging of the microvasculature and blood cells trafficking in mouse and hamster models has been achieved by using two-photon excited endogenous fluorescence of tryptophan and hemoglobin [11, 12] . In the zebrafish model, our previous study reported a newly discovered endogenous fluorescence signal from zebrafish blood plasma. With two-photon excited plasma and NADH fluorescence, we measured the dynamics of red and white blood cells in vivo [13] .
Zebrafish is a powerful model organism for the study of vertebrate biology and physiology including human diseases [14] . In this study, we develop a new microvascular imaging method based on the unique fluorescence signal of blood plasma in zebrafish. The microvascular network system will be drawn out from the nearby tissue structure of endogenous fluorescence dominated by cellular NADH signals. In addition, an imaging flow cytometry is constructed and applied to measure the blood dynamics during the acute sterile inflammation, where red blood cells in the blood vessel are imaged with the negative contrast of blood plasma autofluorescence while white blood cells are identified with their cellular NADH fluorescence signals. Finally, taking advantage of short-wavelength supercontinuum emission from a photonics crystal fiber (PCF) pumped by a standard Ti:Sapphire femtosecond laser, we demonstrate four-color TPEF imaging based on the simultaneous excitation of four fluorescence molecules using a single wavelength two-photon excitation at 650 nm. The fourcolor images provide multiple view angles of biological activities in the living biological system. This approach can significantly reduce the complexity of multi-color imaging.
Materials and methods

TPEF spectroscopic imaging system
The home-built inverted TPEF spectroscopic imaging system was modified from that used in previous study [13] . The schematic diagram of the modified system is shown in Fig. 1 . Briefly, the near-IR excitation source of the tunable wavelength range from 700 nm to 900 nm was generated from a standard femtosecond Ti:sapphire laser (Mira 900, Coherent). The visible short-wavelength excitation sources at 600 ± 20 nm and 650 ± 20 nm were filtered out from the broadband supercontinuum generation of a photonic crystal fiber (FemtoWHITE CARS, NKT Photonics) pumped by the femtosecond laser tuned at the short zero dispersion wavelength (775 nm). The near-IR and visible excitation light were then expanded, collimated and combined with a dichroic mirror (FF669-Di01, Semrock). An apochromatic water immersion objective lens (LD C-APO 40X, 1.15 NA, Zeiss) of 500 µm working distance was utilized to focus the excitation beam onto the samples. In order to avoid any possible tissue damage and photobleaching, the power of the short-wavelength and near-IR excitations were kept below 10 mW within the sample, respectively. We did not observe any tissue distortion and damage in the experiments. The TPEF emissions excited at 600 nm and 650 nm were reflected by a dichroic mirror of 550 nm cutoff wavelength (T550LPXR, Chroma) and a dichroic mirror of 600 nm cutoff wavelength (T600LPXR, Chroma), respectively. The residual laser light was rejected by a short-pass filter. The TPEF signals were relayed to a circle-to-line fiber bundle that guided the signals to a spectrograph (Ocean Optics) equipped with a linear array of 16 photomultiplier tube and a time-correlated single photon counting (TCSPC) module (PML-16-C-0 and SPC-150, Becker & Hickl). This detection system provided the capability of time-and spectral-resolved measurements at each pixel of a TPEF image. The temporal and spectral resolutions of the system were about 230 ps and 13 nm of the 200 nm wavelength range, respectively. A regular TPEF image of a 90 × 90 µm 2 field of view was created by scanning a pair of galvo mirrors. The imaging depth was controlled by an actuator. The position of the zebrafish was monitored by a bright field imaging with the illumination of a white light source. A live-cell imaging chamber (Chamlide TC) was applied to maintain the temperature (28 °C) and humidity during the TPEF imaging. 
Image-guided characterization of plasma TPEF signal
We used an image-guided approach to extract the fluorescence signals of zebrafish blood plasma from the TPEF images [15] . The fluorescence spectra and time-decay under different excitation wavelengths were directly obtained from the signals at the pixels of blood plasma in the TPEF images captured by our time-resolved spectroscopic imaging system described in the previous section. The plasma TPEF signals were characterized via the verification of the two-photon excitation process, the analysis of TPEF spectral and temporal characteristics, and the measurement of the two-photon action cross-section. To confirm the two-photon excitation process, the two-photon excitation fluorescence emissions extracted from the blood vessels were measured as a function of the excitation intensity. A set of neutral density filters, mounted on a motorized filter wheel, was utilized to control the excitation power incident on the sample. The optical power of the excitation was measured by a calibrated power meter P are the proportional constant, measured fluorescence intensity, excitation pulse duration, and average excitation power, respectively. The pulse duration P τ at different excitation wavelengths (600 nm, 650 nm, 720 nm, 760 nm, 800 nm) was measured using an autocorrelator (Pulsecheck-50, APE GmbH, Germany).
In vivo micro-vascular and micro-flow imaging
In the previous work, we discovered a significant spectral difference between blood plasma and cellular NADH TPEF signals under 650 nm excitation [13] . When the TPEF signals are collected in the wavelength range of 364 nm to 546 nm, the blood vessel of distinct plasma fluorescence peaked at 400 nm can be clearly differentiated from the surrounding tissue of signals dominated by NADH fluorescence peaked at 440 nm. To clearly differentiate the plasma signals from NADH signals in the TPEF images, we first calculated the ratio of TPEF signals at each pixel in the wavelength band from 364 to 416 nm over the signals from 429 to 481 nm, where the majority of plasma and NADH fluorescence were located, respectively. The image pixels of the microvasculature with high ratio values stood out while the image pixels of the surrounding tissue were dominated by NADH signals of low ratio values. The three-dimensional microvascular network was then reconstructed using the software: Imaris based on a stack of TPEF images recorded at different depths. To image the blood cell dynamics in the blood flow, the excitation focal point was scanned perpendicularly across the blood vessels with a scanning frequency of 200 Hz by using a single galvo mirror. The scanning along the blood vessel was passively achieved by the blood flow itself. Individual red blood cells can be identified with the negative contrast of blood plasma autofluorescence while the NADH signals were used to trace the circulating white blood cells [13] .
Simultaneous four-color imaging with single wavelength excitation
Transgenic technology allows the ability to insert the genes of fluorescence proteins to animal embryos and to label specific cells and subcellular structures. It has been reported that the commonly used fluorescence proteins, including green fluorescence protein (GFP), cyan fluorescence protein (CFP) and red fluorescence protein (RFP or DsRed), can be efficiently excited at the short wavelength of 650 nm due to two-photon resonance absorption [17] . In this study, we demonstrated that the endogenous fluorescence (plasma/NADH) and fluorescence proteins (GFP/DsRed) could be excited simultaneously at 650 nm and their fluorescence signals could be differentiated clearly by our spectroscopic imaging system. We coded the TPEF spectral signals in different wavelength bands into different colors to visualize the white blood cells (neutrophil or macrophage) labeled with fluorescence proteins (signals in the wavelength band of 494 nm to 520 nm were coded in green for GFP while signals in the wavelength band of 546 nm to 559 nm were coded in purple for DsRed). For the vascular structures, the circulatory networks of blood plasma signals in the wavelength band of 364 nm to 416 nm were coded in yellow and the signals of endothelia, dominated by NADH in the wavelength band of 429 nm to 481 nm were coded in blue. It should be emphasized that due to the strong two-photon resonance absorption of DsRed, only the left shoulder of the DsRed fluorescence was collected to form TPEF image [13, 17] .
Animal model
The wild-type line, strains AB and the transgenic line, Tg(lyz:DsRed2) (neutrophil is labeled by DsRed) and Tg(coro1a:eGFP,lyz:DsRed2) (neutrophil is double labeled by DsRed and GFP while macrophage is labeled by GFP), were raised under standard conditions [18, 19] . Embryos were maintained in egg water containing 0.2 mM N-phenylthiourea (PTU, Sigma) to prevent pigment formation. To study the immune response to acute sterile inflammation, strains AB and Tg(lyz:DsRed2) were injected with heat shock promoter drive proinflammatory cytokine to induce the acute sterile inflammation [20] . These embryos and control embryos injected with H 2 O were raised at 26°C for 3 days to reduce basal activation of the heat shock promoter [21] . Heat shock treatment was carried out at 39°C for 2 × 2 hours with the 1-hour interval. The experiment started 12 hours post heat shock treatment. All embryos were mounted in 1% low melting agarose with 0.02% tricaine and 0.2 mM Nphenylthiourea. We first characterized the two-photon excitation fluorescence of zebrafish plasma in the dorsal vein and artery. Figure 2(a) shows the plasma fluorescence intensity as a function of excitation power at 720 nm in logarithmic coordinates. Linear fitting gives a slope equal to 1.96, confirming the fluorescent process of two-photon absorption. Similar results were also found at other excitation wavelength, such as 600 nm, 650 nm, 760 nm, and 800 nm (data not shown), indicating that the fluorescent compound in blood plasma is unlikely to have significant single-photon absorption in the wavelength range of 600 nm to 800 nm. The results of the fluorescence spectra and fluorescence lifetime measurement are displayed in Fig. 2(b) and 2(c) , respectively. Under 600 nm or 650 nm excitation, the fluorescence spectra peaked at ~400 nm, and the fluorescence lifetime decay is almost identical. A significant spectral red shift can be observed with the increase of the excitation wavelength, similar to the other large fluorescent molecules with complex energy states such as collagen and keratin [22] . In addition, a rapid decay of fluorescence lifetime was recorded when the excitation wavelength was tuned longer (>800 nm). The two-photon action cross section (in Fig. 2(d) ) shows that much higher two-photon absorption occurs in short excitation wavelength such as at 600 nm or 650 nm. The excitation efficiency at 800 nm drops significantly and is about ~200 times lower compared to the excitation efficiency in short wavelength. Therefore, to effectively image the vascular structure using the plasma TPEF signal, the excitation wavelength should be not over 720 nm to be able to achieve high excitation efficiency. In future study, a biochemical investigation will be carried out to identify the fluorescent compound(s) in the zebrafish plasma because such strong blood plasma autofluorescence has not been found in other higher animals such as mice, rabbits and humans (data not shown). The zebrafish brain (Fig. 3(a) ) of fine and complex microvascular networks was chosen to study the microvasculature imaging based on endogenous TPEF signals from plasma and tissue. As shown in Fig. 3(b) , under short wavelength excitation (650 nm), the plasma emits 400 nm peaked fluorescence of significant blue-shift from the cellular NADH fluorescence peaked at ~440 nm of the surrounding brain tissue. Therefore, the microvasculature featured by the plasma fluorescence can be extracted. The details are shown in Fig. 3(c)-3(f) . In particular, Fig. 3(c)-3(e) shows the raw TPEF images formed with the signals in the wavelength bands of 364-481 nm, 364-416 nm and 429-481 nm, respectively. The ratio image (Fig. 3(f) ) for extracting microvasculature was then calculated by dividing 361-416 nm band image over 429-481 nm band image. The pixels of blood plasma with high ratio value were coded in red while the pixels dominant by NADH signals were coded in cyan. Figure 3(g)-3 (j) displays a set of representative TPEF images taken from the brain of the zebrafish at different depths. As can be seen, a thin layer of epithelium cells was located in the upper layer of the brain (Fig. 3(g) ), followed by underlying tissue of tightly connected neural cells and microvascular vessels (Fig. 3(h)-3(j) ). The microvasculature is visualized with the contrast between plasma and NADH fluorescence when the imaging depth is over 50 μm below the brain surface. Figure 3 (k) displays a representative three-dimensional (3D) image of the zebrafish brain reconstructed from a stack of depth-resolved images. The results demonstrate that the label-free 3D microvasculature imaging approach is able to provide unique information to reveal the fine structure of the microvascular network. To study dynamic process of microvascular function, much faster imaging speed and reconstruction are required. By replacing the spectrograph based detection system with two single channel PMTs to collect TPEF signals in two wavelength bands, respectively, we can significantly improve signal to noise ratio under the same excitation condition and achieve much higher imaging speed. In general, this imaging capability is particularly important in the study of vascular functions and vascular system development as well as many vasculature related diseases. For example, cranial vessel formation is important to study both the development of central nervous system and cerebrovascular pathologies, such as stroke and cerebral hemorrhage. Vascular sprouting and intersegmental vessel patterning are associated with the neuronal expressed receptors for guidance molecules such as Semaphorins, Netrins, and Ephrins [23] . In addition to imaging microvascular structures, the spectral and time-resolved NADH fluorescence signals from the surrounding brain tissue also provide information on cellular energy metabolism. In particular, the ratio of NADH in free form over protein-bound form and the fluorescence lifetime of NADH are sensitive metabolic indicators [15] . Compared with the commonly used fluorescent protein labeling technique, the label-free technology can reduce the complexity of transgenic technology and the risk of introducing large fluorescent protein molecules that may interfere with the normal functions of the biological system [24] . Finally, we found that though the plasma fluorescence has the long lifetime, the fluorescence of the NADH signals in zebrafish is substantially longer than those reported from the study of cells, other animal models and human subjects [15, 25] . As shown in Fig. 3(l) , the NADH fluorescence lifetime is only slightly shorter than the plasma fluorescence, meaning that two signals cannot be differentiated from each other in the time domain. The exact mechanism causing the long lifetime of NADH fluorescence in zebrafish is unknown. To induce the acute sterile inflammation, the heat shock promoter was first injected into the eggs of the zebrafish strains. Over-expression of pro-inflammatory cytokine after heat shock resulted in acute sterile inflammation [20] . Figure 4(a) shows the typical blood flow image captured in zebrafish embryo (Tg(lyz:DsRed2)) with the injection of water as control. Individual flowing red blood cells can be clearly resolved by the negative contrast over the bright plasma autofluorescence. Figure 4 (b) shows a typical blood flow image with a rolling neutrophil formed with NADH signals (coded in cyan). In general, rare circulating neutrophils, verified by the blood flow image formed with DsRed fluorescence signals, were found in the blood vessels of the control fish [13] . However, the number of circulating neutrophils increased significantly in the blood flow of the zebrafish embryo after acute sterile inflammation was induced. To quantify the circulating neutrophils in the blood flow before and after acute sterile inflammation, we counted their numbers in the blood flow images recorded within period of 3 minutes. The box charts of the counting results are shown in Fig. 4(c) . As can be seen, the number of circulating neutrophils increased significantly in the fish with acute sterile inflammation, indicating that the counting of circulating leukocytes can be used as an in vivo cytometer to assess acute inflammation. This in vivo cell counting capability could potentially be used in the study of other important diseases, such as leukemia, cancer and allergy [26] . However, it should be emphasized that the counted number of circulating neutrophils is a function of blood flow velocity and the size of the blood vessel. A calibration is critical to accurate monitoring of the change of cells in the whole circulation system. It is known that the red blood cells filling microvascular lumen is a good indicator of the blood flow characteristics and the blood vessel geometry. Because the number of red blood cells in the flow image can be accurately counted, we used the red blood cell count as the reference for the calibration of the circulating neutrophil counting. In principle, dividing the absolute number of circulating neutrophils by the corresponding number of red blood cells in the blood flow images recorded over the certain period of time, the errors caused by the variations of blood flow velocity and blood vessel size could be calibrated. Figure 4(d) displays the calibration results of the circulating neutrophil count per 10,000 red blood cells in the blood stream. Interactions such as those between blood cells and vascular endothelial cells and red cells and monocytes/macrophages are important scientific topics [27] . For example, the process of leukocyte recruitment to the tissue sites of inflammation involves direct cell-to-cell interactions between leukocytes and vascular endothelial cells. The interactions between red blood cells and endothelial cells have the significant influence on the microcirculatory flow under normal and pathological conditions. The study of these interactions requires an imaging system to produce the images of various blood cells and endothelial cells simultaneously. In this work, we chose the posterior blood island (PBI) of zebrafish to demonstrate the capability of simultaneous TPEF imaging of multiple blood cells and microvascular structures using single excitation. The rich microvascular structure and various mature blood cells can be found at PBI that acts as an intermediate hematopoietic organ between the caudal artery and caudal vein [28] [29] [30] . As shown in Fig. 5(a) , by using short wavelength two-photon excitation (650 nm) and spectroscopic imaging, we were able to simultaneously image leukocytes (neutrophils and macrophages) labeled with fluorescent proteins (GFP/DsRed), endothelial cells with endogenous NADH signals, and microvasculature with endogenous plasma signals. The key biological features of the PBI, including the branching of caudal veins, mature blood cells and mesenchymal cells producing blood plasma, can be clearly identified. In detail, we used imaging guided spectroscopic analysis to extract the TPEF spectra of plasma, mesenchyme, endothelium and surrounding muscles [15] . As can be seen in Fig. 5(b) , the TPEF signals of the endothelium and surrounding muscles are dominated by NADH fluorescence and the signals from the mesenchyme are identical to plasma fluorescence. In Fig. 5(a) , the fast moving red blood cells (dark lines) can be easily identified in the microvascular vessels. The image of a red blood cell collapsed into a line because the image acquisition time was 16 seconds and not sufficiently fast to capture the image of individual red blood cells. Therefore, the structures of the blood vessels are marked with dark lines, the distorted images of flowing red blood cells. The resting leukocytes of round shapes are macrophages labeled with GFP and neutrophils labeled with both GFP/DsRed, respectively. A thin layer of endothelial cells (pointed out by white arrows), forming the lumen of the blood vessel, identified with the circulating red blood cells (dark lines in Fig. 5(a) ) [31] , are visualized by cellular NADH signals coded in blue. The mesenchyme (labeled with the asterisk) located in the regions among the blood vessels has identical fluorescence characteristics to blood plasma, where the plasma proteins are synthesized by mesenchymal cells [30] .
Results and discussions
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Conclusion
In this study, we have developed a new methodology for in vivo micro-vascular and microflow imaging by using two-photon excitation endogenous fluorescence in zebrafish. The 3D structures of fine microvascular networks in the brain were reconstructed based on the unique spectral characteristics of blood plasma TPEF signals. We demonstrated that imaging flow cytometry provides the quantitative counting of circulating blood cells, which could be used for in vivo monitoring the disease development and treatment, such as acute sterile inflammation. In addition, the calibrated counting of circulating leukocytes (neutrophils) in blood vessels of different flow velocity and size could potentially improve the accuracy of measurement of circulating cells in the whole circulation system. Finally, using a single wavelength excitation at 650 nm and spectroscopic detection, we achieved simultaneous fourcolor imaging of multiple blood cells and vascular structures. This imaging capability could potentially be used to address important biological topics such as the interactions between blood cells and vascular endothelial cells and red cells and monocytes/macrophages.
